This paper presents an analysis of current conceptual design processes for high-rise buildings. We synthesize a method to document and measure these processes and use it to analyze data from several case studies and a survey of leading architectural and engineering design firms. We describe current highrise conceptual design process in terms of: design team size, composition, and time investment; clarity of goal definition; number and range of design options generated; number and type of model-based analyses performed; and the criteria used for decision making. We identify several potential weaknesses in current design processes including lack of clarity in goal definition and a low quantity of generated and analyzed options. We argue that potentially higher performing designs are being left unconsidered, and discuss the potential reasons and costs.
high-rise design processes in terms of quantifiable metrics on which to base and compare the performance of prospective improvements.
Little research has been carried out in this area; the goal of this paper is to fill the gap. Through literature review and industry-based case studies, this paper develops a definition and relevant metrics describing conceptual high-rise design processes, and applies this definition and metrics to a set of contemporary case studies and survey data. We find that conceptual design teams generally operate with low project goal clarity, and generate very few formal design options and analyses that neglect environmental and life-cycle economic considerations. We conclude with a discussion about the potential causes and costs of today's greatly underperforming high-rise design processes.
Points of departure: What are current high-rise design processes and how do we document and measure them?
In this section, we look to design theory for a theoretical definition of high-rise design processes; to process modeling for a method to describe and measure these processes; and to high risespecific literature for classification and key design criteria.
Design theory
Akin [7] formulates conceptual design as a five-step process: 1) identifying a set of requirements; 2) prioritizing among these requirements; 3) developing preliminary solutions; 4) evaluating solutions; and 5) establishing final design requirements, preferences and evaluation criteria. Haymaker and Chachere [8] further formalize these distinctions in the MACDADI (Multi-Attribute Decision Assistance for Design Initiatives) framework, which includes: 1)
organizations -a project's stakeholders, designers, gatekeepers and decision makers; 2) goalsthese organizations' constraints, objectives, and preferences; 3) options -design options and methods to generate them; 4) analyses -the methods, timing, and types of analyses performed; and 5) decisions -rationale and process for making decisions. This paper is structured using these MACDADI distinctions.
Design is an unbounded process; there are infinite numbers of organizations, goals, options, analyses, and decisions that a team potentially can consider. Simon [9] in his behavioral theory of bounded rationality describes people as partially rational when making decisions, due to computational limitations in gathering and processing information. Woodbury and Burrow [10] also argue that designers typically consider a very small number of alternatives in their work as a result of cognitive limits. As a result, designers often make decisions without fully understanding their implications.
To develop solutions, designers first establish a design space. Krishnamurti [11] defines a design space as the sum of the problem space, solution space, and design process. A problem space includes only the candidate solutions that satisfy the established design requirements. A solution space includes all candidate solutions for a given design problem. A design process consists of methods used to develop candidate solutions from requirements. The extent of the design space is highly dependent on the designer's interpretation of the design problem, the choice of design criteria (project goals and constraints), and the employed design process. Two prevailing strategies emerge to describe the design process: breadth first, depth next or depth first, little breadth. The breadth first strategy entails generating multiple design options first, and then analyzing them to determine which ones meet the sought requirements. Depth first strategy entails generating a single option and analyzing it in depth.
Goldschmidt [12] argues in favor of the depth versus breadth strategy, in which both known architects and novice students deliberately choose a limited design space to conduct their exploration. The goal is refining and enriching a "strong idea" supported by well-developed design rationale. In contrast, Akın [7] argues that in solving problems expert designers prefer the breadth first, depth next strategy. As a result, multiple alternatives help reveal new directions for further exploration. Each strategy has significant implications in the way teams generate designs.
Currently there is no consensus about which strategy performs best, although in light of rapidly evolving project teams, goals, options, and analyses, many researchers argue that the sheer quantity of options generated by a breadth first search enables designers to find more successful solutions in terms of multi-criteria and multidisciplinary performance [41] .
Design theory helps us understand design processes, but it does not help us understand how to specifically represent and measure them. A widely accepted method for this kind of representation and analysis is process modeling.
Process modeling
There are three general applications for process models: a) descriptive: for describing what happens during a process; b) prescriptive: for describing a desired process; and c) explanatory:
for describing the rationale of a process [13] . Froese [14] presents a comprehensive overview of AEC-specific process models, including IRMA (Information Reference Model for AEC, BPMBuilding Project Model), ICON (Information / Integration for Construction), and GRM (Generic Reference Model). Most of these are based on EXPRESS-G modeling language [15] , which provides a foundation for graphically representing process models. Other significant process modeling languages relevant to this paper are: IDEF 0 [16], used to model decisions, actions, and activities of an organization or system; Narratives [17] , which model information and the sources, nature, and status of the dependencies between information; and Value Stream Mapping [18] , which describe the flow of actors, activities, task duration, and information that produce value in a given process.
With these process-modeling languages, we can describe design processes but not establish process measurement metrics. To address this problem various techniques have been proposed; for example, to evaluate BIM (Building Information Model) users practices and processes [19] , to measure benefits from VDC (Virtual Design and Construction) use and factors that contribute to its successful implementation [20] , or to simulate the impact of improvements to the engineering design process [42] .
In spite of the wealth of existing process modeling languages, none can describe and measure design processes in terms of all the distinctions included in the MACDADI framework. This paper later synthesizes a process model and metrics to describe high-rise design team size and composition, the clarity of their goal definitions, the number of design options they generate and analyze, the prevailing objectives used in their decision making, the conceptual design duration, and the discipline-specific time invested.
High-rise classification and key design criteria
In the late 19 th century a wave of innovations in the building industry led to the development of the first high-rises in Chicago and New York [21] . The elevator, the steel frame, and later the curtain wall and HVAC, along with the demand for new office space on expensive and limited land, made the development of high-rises possible and necessary. Despite the success of high rises, the AEC industry lacks a consistent definition of the building type. The American Society of Heating, Refrigeration and Air-conditioning Engineers (ASHRAE) defines high-rises as buildings in which the height is over three times the width [22] , whereas structural engineers define high-rises as buildings influenced primarily by wind loads [23] . High-rises can be categorized according to their function, structural system type, and environmental control strategies. From a functional standpoint, there are four types: residential, commercial, hospitality, and mixed-use. This section briefly describes what is currently known about the organizations, goals, options, and analyses of high-rise design processes.
Organizations
In high-rise design the developer is often the main decision maker. 
Goals (design criteria)
Several key design criteria must be considered when designing a high-rise. provided. In the case of modular office layout a building depth of over 13m is considered excessive [24] .
The main criterion in choosing a load-bearing system is the lateral stiffness for resisting the wind and earthquake forces, which is governed by the total height [25] . Additional criteria include building height-to-width aspect ratio, floor-to-floor height, interior layout, exterior wall, foundation systems, fire safety, construction methods, and budget constraints.
The criteria in choosing the foundation type are the gravity loads, quality of the site's subsoil, water table level, and wind loads. Wind loads lead to significant vibration in the upper floors, which provides additional stresses on the bed soils [26] . The foundation piles often determine the location of the structural grid and therefore may affect the overall building efficiency.
Fire safety is another important criterion. The core design needs to satisfy the number and size of escape stairwells by determining the building occupancy, as well as address the smoke extraction. Budget constraints often influence the structural material choice.
Multiple design criteria exist to help improve environmental control strategies of high-rises.
High level concepts include maximizing reliance on natural ventilation and daylight illumination, while --depending upon the season and geographical location --minimizing or maximizing the heat gain from direct sunlight along the building's perimeter areas.
Options
Facades have a significant influence on the aesthetics and symbolism of high-rises [23] . Two main types can be distinguished: curtain wall (butt glazed, conventional mullion system, composite -glass and cladding), and facades as expression of structure (reinforced concrete, prefabricated panels, exoskeleton, etc.).
Circulation patterns influence the building's efficiency. They are determined by the configuration, number, and positioning of the service core(s) (i.e., single or multiple internal or external). A typical core includes elevators (i.e., passenger, service, dedicated to specific functions), fire-protected stairs, electrical / cable closet, riser ducts, and sometimes washrooms.
The core positioning will determine the floor plan configuration, given the maximum allowable distance from the outermost point of the corridor to the escape stair(s). When designing cores an important consideration is the elevator cab aspect ratio. The preferred range is between 1:2 and 1:3 for maximizing loading and unloading efficiency [4] .
The Council on Tall Buildings and Urban Habitat (CTBUH) defines three major structural systems: steel, reinforced concrete, and composite. The choice of structural system determines the building aspect ratio limitations. Until recently, a 6:1 aspect ratio was a constraint [27] .
Currently, there are precedents for 10:1 or higher [28] . Floor heights in residential high-rises are generally smaller than in commercial, and range between 2.5-3.5m. In commercial high-rises, floor heights range between 3.3-4.5m. To maximize efficiency, interior layouts may often seek a minimal presence of structural elements, which help choose alternative strategies (exoskeleton, concrete tube, etc.). Generally, the architect's choice of exterior wall system will impact the structural solution. Until recently, the rule of thumb in curtain wall-based high-rises was to vertically divide the façade into 1.5m increments due to ease of assembly, cost savings, and flexible planning. Today, geometrically complex high-rise designs demand variability in the exterior wall panel sizes and novel structural solutions [29] .
Engineers can choose among multiple foundation types depending on the building design and soil properties. Examples include cast-in-place telescoping piles, caissons, slab-pile, piled-raft, mat foundation, etc.
Cost often can determine the design's final choice of material. For example, reinforced concrete is preferred in the developing world, given its cheaper cost and lower construction skill requirements than for steel structures. Light shelves or reflectors can be used to diminish the energy use in high-rises. Their performance is subject to optimal orientation, determined by the building orientation and geometry. Joachim [30] presents an extensive study of how daylight is affected by the high-rise geometry and the floor plan proportions as related to the core design. He concludes that triangular footprints perform best by having the least amount of dark spaces within a 10m span, followed by the square and circular configurations. This study, however, is limited to centrally located cores. Yeang [4] stresses the importance of peripheral core location on east and west facades used as thermal "buffer-zones," leading to important reductions in air-conditioning loads and operation costs. Additional benefits include access to daylight and natural ventilation into the core area, making the building safer in case of power failure, and eliminating the requirement for mechanical fire-fighting pressurization ducts. 
Analyses and Decisions
Designing high-rise buildings is a complex process as illustrated by the criteria discussed above.
As a result, many prototypes have been developed in academia and practice to address aspects of the design processes as heuristic rules that automate some of these processes and help designers make decisions more efficiently. Danaher [31] argues that by not being well defined the conceptual design is reserved only to senior, experienced designers. He proposes the use of knowledge-based expert systems in facilitating the access of junior designers to expert knowledge, in which the system guides them towards good solutions. Several such systems surveyed by Danaher are Hi-Rise [32] , Tallex [33] , Conceptual [34] , Predes [35] , and Archie-II [36] .
Ongoing research efforts address various aspects of conceptual high-rise design in practice.
Baker [37] , for example, explores the use of novel, proprietary computational tools based on evolutionary structural optimization, genetic algorithms, etc. in generating topological structural studies of high-rises. Whitehead [38] develops custom parametric tools to facilitate the design space exploration. The use of such tools has led to new architectural expressions. In addition, such challenging environmental performance criteria as energy, daylight, or natural ventilation can now be understood through the use of discipline specific model-based analysis tools (i.e.
EnergyPlus, Radiance, Fluent).
Despite these promising developments, the AEC industry currently lacks case studies describing high-rise design processes and how well these processes perform. This lack of data makes it hard to understand the impact of the above-mentioned or future solutions on the overall conceptual design process.
Methods: Documenting and Analyzing Current Practice
This section explains our methods for describing and measuring the conceptual high-rise design process. We develop and adapt a process modeling language to record and communicate the design process, and collect metrics describing the process performance.
Documenting Current Conceptual Design Process
Our research method involved using an embedded researcher [39] on several high-rise design teams to observe and document practice. We developed our observations over five cases. Figure   2 describes the observed process used in one of the cases. To document our observations, we synthesized a process-modeling notation from IDEF 0 [16] and Narratives [17] . A typical process node shown in the legend in Fig. 2 captures the actor(s) that performs the action (project manager, architect, structural engineer, etc.), the tool or method used to generate information or make a decision (CAD, team meeting, etc.), the abbreviated description of the performed action, the time range to perform the action, and finally the input information needed to perform the action as well as the resulting output information. If several actors are involved in implementing parts of the same process, the time tab indicates a cumulative value. The arrows to the input or from the output nodes indicate observed information dependencies. We use this notation to describe the conceptual design of the Tyrol Tower case study in terms of a process model shown in Fig. 2 and analyzed in the following subchapter. In the case of Tyrol
Tower the client commissioned a feasibility study for a multi-tenant hotel and office tower on a complex site in the Tyrolean village of Worgl, Austria. The tower site was contained by a roundabout 150m in diameter intended to serve as an exit hub from the Munich -Verona freeway (Fig. 3) . Both concepts reflected the region's strong skiing tradition. The first was inspired by the shape of a slalom ski pole; the curve along the building height supported the architectural transition from the area between the 4-and the 2-star hotel (the latter required a smaller lease span). The second concept drew from the idea of a skier in motion, and called for a 2.5-degree forward tilt to convey the notion of speed and movement. Having agreed on the two design themes, the team proceeded to developing strategies for the building's massing and orientation / position within the site (Fig. 4b) . The egg-shaped footprint was preferred over round, square, and elliptical configurations, because of the site geometry and the prevailing wind direction. The tower placement on the site was determined by the need to link it to an adjacent site with a bridge.
At the end of the charrette, the team agreed to pursue the second concept for further development. Such architectural considerations as aesthetics and context suitability were the dominant factors. Most of the work at this point was handled by the mid-level architects. Two parallel tasks generally emerged at this stage. First was the development of a set of 2D documents to help illustrate the design. These included preliminary plans of typical and unique floors (4-and 2 star hotel, amenities, mechanical, etc.) as well as the building core, and an axial section for communicating major design features, such as the atrium and the building tilt (Fig.   5a , b). These floor plans made calculating the building area and efficiency possible.
a) b)

Fig. 5 -a) Tyrol Tower typical and unique floor plans; b) building section
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The second effort was to develop a 3D model that was graphically rendered and used to evaluate the design visually in its context (Fig. 6a) . Renderings initially helped the design team to make design decisions and later to communicate the concept to the client.
a) b)
Fig. 6 -a) Tyrol Tower conceptual renderings; b) physical model
The two tasks were closely related, considering that both designers needed to constantly coordinate the generated information. Satisfying the area and aesthetic goals required three consecutive geometry adjustments (see Fig. 2 , f-i). The 2D drawings required partial reworking as opposed to the 3D model that had to be completely rebuilt.
Once the two architects, who developed the technical and visual materials, accepted the design candidate, the senior designer formally evaluated and approved the concept for final development. This process included reviewing color prints of the building renderings, a set of printed 2D floor layouts, a section, and a spreadsheet with area and efficiency calculations. The outcome was a set of minor hand sketched corrections and written recommendations.
However, the senior designer became interested in exploring a new idea, in response to a previously unarticulated goal of supporting natural ventilation. He suggested drastic changes to the geometry to include two scallops on the wide side of the building (Fig. 7) . Facing the prevailing winds, these were intended to act as air catchers. Such revision would have invalidated most of the completed work considering the static nature of the generated design information (i.e. 2D and 3D drawings / models) and the subsequent need to regenerate it.
Furthermore, validating the newly proposed concept would have required mechanical engineers to run a formal CFD (Computational Fluid Dynamics) simulation. Given the time and effort required to perform such analysis, this task was perceived as unrealistic by the design team. With less than a week left before the submission deadline, the team jointly agreed not to pursue this option, even if it could have led to a more environmentally sound design. With natural ventilation becoming an important goal this late in the design process, mechanical engineers were instead asked to recommend a solution strategy for the originally developed option. The existing multidisciplinary collaborative model generally does not support rapid model reuse. In other words, the architect-generated geometry cannot be used by mechanical or structural engineers in their analyses. Consequently, no model-based analysis was performed by mechanical engineers because of the established process and the time constraint. Instead, they reused the architectural section drawing to graphically illustrate the concept of air circulation based on the stack effect ( Fig. 8 a, b) . Similarly, structural engineers did not generate modelbased analyses and were asked to verbally validate the architect-suggested structural concept of a centrally located reinforced concrete core and perimeter column system. a) b)
Fig. 8 -Information produced by mechanical engineers did not include any model-based analyses but rather a set of conceptual, untested recommendations, such as: a) stack effect diagram based on architect's section; b) standardized graphs of annual wet and dry bulb temperatures, wind rose, and annual direct solar radiation to inform which months of the year were most suitable for natural ventilation.
After the design director approved the concept design, the 3D geometry was meshed and forwarded to a consultant in preparation for building the physical model. In this case, the material choice for the tower was aluminum and the process of milling the model was outsourced (Fig. 6 b) . The site plan, however, was laser cut in house using the earlier produced 2D drawings.
In parallel, the team started preparing the final presentation materials, which included coloring the earlier generated plans and section, photographing the physical model, assembling a board with the project metrics, and printing full-scale sheets for foam board mounting.
In summary, as shown in Fig. 9 , a team of four architects and three engineers were able to generate three design options in two weeks. The alternatives were variations of one design theme chosen for further development. The design process was primarily based on architectural constraints. No clear goals were established until close to the project submission deadline, making these impossible to implement. The performed analyses addressed only architectural concerns. Architects used metaphoric references on which to base their aesthetic analysis. They motivated the footprint shape and the orientation of the building volume based on knowledge of prevailing wind direction supplied by the mechanical engineers; however, no model-based analysis was performed to understand the airflow and pressure on the chosen design. Structural engineers were only verbally consulted.
Fig. 9 -Process performance metrics for the Tyrol case study project
The embedded observations enabled a detailed understanding of how current high-rise design processes are performed and managed. However, while our other case studies provided similar results, our sample size was small and limited to one firm on a handful of projects. The next section describes a survey we conducted to provide some evidence for the generality of our field observations.
A survey of industry professionals on current conceptual design process
We conducted an online survey of 20 senior architects and structural and mechanical engineers from several leading AEC practices [40] . The survey contained 20 questions about their project's team size and composition, goal clarity, number and type of options generated and analyzed, and prevailing goals in decision making. Respondents were asked to specify the high-rise function.
All four functional types were part of the survey, but almost 60% of answers were mixed-use type. Fifty six percent rated the projects as moderately complex, and 38% as highly complex. We described a moderately complex designs were defined as single curvature and including new 25 building systems such as integrated wind generators. A design of high complexity was defined as having double curved geometry and using new materials and building systems.
Organizations
On average, we found design team size is 12 professionals with 65% being architects (including project managers). Fig. 10 shows on average over 70% of respondents indicated one professional in each of the positions described in Fig 1, with the exception of mid level and intern architects.
Fig. 10 -Average reported survey results of team size and composition. A typical design team includes 12 professionals, 65% of whom are architects. Most design and engineering positions were generally reported to be filled by a single professional with the exception of intern (3) and mid-level architects (2).
Goals
We next asked whether goals were defined and, if so, what were the means to communicate them (Fig. 11a) . Twelve percent of respondents' answers indicated a lack of any goal definition, and 82% pointed to goals being defined and communicated only verbally. (Note: respondents were allowed to choose multiple answers).
Next, respondents rated the clarity of the identified goals (Fig. 11b) . We differentiated among four levels of clarity: Low with a partial list without metrics defined; Low / Medium with a partial list with partial metrics defined; Medium with a complete list without metrics defined; and
Comprehensive with a complete list with metrics defined. About 70% of answers indicated low to low / medium goal clarity. As one of the survey respondents pointed out, "Internal goals tend to be informal and more conceptual than specific." The results confirm our observations from the case studies and help identify an important conclusion: even when goals are defined, they often lack clarity of target metrics. analyses criteria. Over 6% indicated no analyses performed. Problems with interoperability of design and analysis tools and schedule constraints make the incorporation of engineering performance concerns difficult in conceptual design.
Fig. 14 -Average reported survey results (% respondents) showing the model-based analyses performed during conceptual design. The performed analyses address predominantly architectural concerns (i.e., budget constraints, program requirements). (Note: respondents were allowed to choose multiple answers).
Our survey and case study findings both illustrate that the current conceptual design process is dominated by architectural concerns analyzed both in terms of quantifiable (i.e., cost, area, efficiency) and non-quantifiable metrics (i.e., aesthetics, context suitability).
Decisions
Now that we have discussed the number and clarity of project goals and how design options are generated and analyzed, we need to determine the criteria used in actually making concept design decisions (Fig. 15) . The survey results support our earlier findings. Such architectural criteria as aesthetics (100% of respondents), area efficiency (63%), and site views (56%) are predominantly used in current design decision-making process. A further 13% of respondents indicated it is harder to quantify architectural criteria, such as identity, character, and human values. Less than half of respondents indicated using structural or mechanical engineering performance criteria. Fig. 16 summarizes the overall concept design duration in weeks. While no dominant answer emerged, we conclude that in most conceptual design processes take between 4 and 6 weeks (supported by three quarters of respondents). 40% indicated that 50% of the total time is used on generating design options; 67% specified an average of 10% of the total time is dedicated to analysis of design options; and 74% of respondents specified 30% of the total time is used on final design decisions and preparation of concept design presentation materials. In summary, most of the time is spent on generating design options and preparing presentation materials. The least time is spent on goal definition and analyses. A summary of averaged survey results is shown in Fig. 19 . These triangulating survey results closely corroborate our case study observations presented in Fig. 9 . 
Time investment
Conclusion: Potential cost of underperforming conceptual design processes
The contributions of this paper are the new hybrid process models and quantified measurements describing current conceptual design processes. While these findings are limited to high-rise building type and for a limited number of case study and survey participants, which makes it difficult to claim generality, the presented models and metrics can help researchers and decision makers understand how complex architecture-engineering design processes perform, can guide research and development efforts to improve these measurements, and can serve as a benchmark for comparing new design methods, tools and processes.
The market economy requires us to design quickly and cheaply; however, researchers such as Sutton [41] have shown that we can't tell which new ideas will succeed and which will fail at the outset, and that successful design is largely a function of sheer quantity. Current design methods manage only a few potential designs without a deep understanding of their multi-attribute performance. When coupled with increasing complexity in the design requirements and available building technologies, design teams are doomed to produce underperforming buildings.
We conclude this paper with a brief discussion of our intuitions about the causes of these underperforming processes, and discuss potential ways to improve these processes and the potential costs and benefits of doing this.
Organizations
While we expect no significant changes in the composition of high-rise design teams and stakeholders, a potential area of improvement is the hierarchical organization of design teams, which determine who makes decisions as well as how and when. The AEC industry would benefit from having engineers play a more significant role in early interactions with stakeholders when crucial decisions about a future design are made. Scrum Agile software development methods [43] are an example of more "democratic" and empowered cross-disciplinary iterative design, in which both requirements and solutions are collaboratively developed by interdisciplinary teams. Another example is Concurrent Engineering design management system [44, 45] , which is primarily used in aerospace industry and supporting parallelization of multidisciplinary tasks. The AEC industry is beginning to adopt new organizational and contractual structures (i.e. AIA Integrated Project Delivery) to encourage more integrated design processes, although these have not had a large impact in high-rise design practice.
Goals
As illustrated, goals are often ambiguous and defined without the participation of all AEC disciplines. We believe the current goal definition model leads to significant inefficiencies in the overall conceptual design process. Both the client and architects may lack specialized knowledge to allow them to establish a comprehensive set of project goals. Furthermore, architects often clarify project goals during the design process. This may lead to unsystematic shifts within the design space due to important guidelines being omitted early in the design process. While some goal ambiguity may aid in creative design, a lack of initial goal clarity leads to starting the design process with broad design spaces that are hard to efficiently explore. As a result, few options are generated and analyzed in depth.
In addition, verbal communication of established goals may lead to further omissions and misinterpretations, especially among the junior design team members. Understanding and managing these requirements early in the design process is a major challenge today.
Consequently, the AEC industry would benefit from a formal methodology used to determine explicit design requirements to help guide the generation of design options.
Options
Translating such requirements into a wide range of design options that designers can quickly analyze and choose from is essential. With current methods, a multidisciplinary team averaging 12 people can normally produce only three design options in 5 weeks -a poor result that we have discovered in other segments of the AEC industry as well [46] . Among possible causes are the unclear goal definitions and the prevalently used design tools that support developing only single, static solutions. The relationships among design information are difficult to establish, manage, and resolve with these tools, making design modifications hard to quickly coordinate.
This explains why there is no significant difference in the time needed to develop new design options, once an initial design has been proposed. The AEC industry would benefit from a formal methodology to translate requirements efficiently into multiple design options.
Analyses
The current inability to conduct multidisciplinary model-based analysis efficiently is in part caused by the nature of AEC tools. The design and analysis tools are not well integrated and require substantial time investment in structuring the information for discipline-specific needs.
For example, the architect-generated geometry is generally unusable by structural engineers, who need to reconstruct it in a suitable format (i.e., wireframe with attributes describing material properties and load conditions). Current design approaches do not support efficiently calculating even rudimentary model-based analyses, such as cost or area, which in turn discourage designers from exploring a larger segment of the design space. Finally, engineers are normally engaged after architects have already chosen a preferred design option, which leads to inconsistencies in the types of analyses performed on each generated option. Consequently, the AEC industry would benefit from a design model that includes engineers much earlier in the conceptual design process to help develop robust design and analysis strategies, starting early in conceptual design.
Decisions
Designers tend to use only a limited selection of high-rise design criteria when making early design decisions. Bounded rationality theory [9] provides an explanation. Concurrent consideration of multiple criteria with today's design methods overwhelms designers, who instead break down the problem into sub problems leading, according to Goldschmidt [12] , to partial interconnected solutions. These solutions are synthesized into adequate designs through multiple consecutive manual corrections as illustrated in the case study. The notion of adequacy, however, is compromised when the criteria used in making these decisions are architecturally biased.
This paper observed, through case studies and a survey, that design organizations during the conceptual design of high-rises treat goals informally and search through a relatively narrow part of the design space. Design theory and our own experience suggest that significantly better performing buildings are remaining undiscovered. Deficiencies in current conceptual design process lead to solutions with mediocre daylighting, and excessive thermal loads and energy demands, thus making the cost of operating or retrofitting traditional high-rises prohibitive. The lack of a comprehensive and systematic method of defining multi-stakeholder and multidisciplinary goals, managing their evolution, and generating and choosing among design options that respond to identified goals is a major impediment to more successful design.
